Caveolae, flask-like invaginations of the plasma membrane, were discovered nearly 60 years ago. Originally regarded as fixation artifacts of electron microscopy, the functional role for these structures has taken decades to unravel. The discovery of the caveolin protein in 1992 (by the late Richard G.W. Anderson) accelerated progress in defining the contribution of caveolae to cellular physiology and pathophysiology. The three isoforms of caveolin (caveolin-1, -2, and -3) are caveolae-resident structural and scaffolding proteins that are critical for the formation of caveolae and their localization of signaling entities. A PubMed search for "caveolae" reveals ϳ280 publications from their discovery in the 1950s to the early 1990s, whereas a search for "caveolae or caveolin" after 1990, identifies 
golipids (1) . Caveolins, the structural proteins essential for caveolae formation, are present in three isoforms (2) . Although the caveolin proteins are expressed ubiquitously, their level of expression varies among different tissues. Caveolin-1 (Cav-1) and caveolin-2 (Cav-2) are highly expressed in endothelial cells, adipocytes, and smooth muscle cells, while caveolin-3 (Cav-3) is predominantly found in striated (skeletal and cardiac) and smooth muscle (3) . Caveolins were originally discovered as critical proteins for the formation of caveolae in cholesterol and phospholipid membrane (lipid) raft domains (1) . Many studies have focused on the function of caveolins as signaling scaffolds within plasma membrane caveolae and lipid rafts (4, 5) . However, evidence in recent years indicates that caveolin proteins can have roles independent of caveolae in the regulation of cellular activities, including lipid transport, gene expression, and mitochondrial function. Such caveolae-independent actions of caveolins may be facilitated by their presence in other cellular membranes, including: exocytic and endocytic vesicles (6) , the endoplasmic reticulum (ER) (7), the Golgi complex (8) , mitochondria (9, 10) , the nucleus (11), endosomes (12) , lysosomes (13) , peroxisomes (14) , and lipid droplets (15) (Fig. 1 and Table 1 ). Functions of caveolin at such cellular locations and the mechanisms involved in intracellular caveolin trafficking are the focus of this review.
Plasma membrane
Caveolin proteins are best known for their facilitation of the formation of plasma membrane caveolae. Caveolin is an integral ϳ20 kDa membrane protein that is synthesized at the ER in a signal recognition particle (SRP)-dependent process (16) . In the ER, newly synthesized caveolins undergo the first stage of oligomerization and these oligomers are stabilized by the binding of cholesterol (16, 17) . Caveolin is then recruited to ER exit sites and is transported to the Golgi complex by coat protein II (COPII) vesicles (18) . Transport through the Golgi complex is slower than in the ER; pools of caveolin protein are observed in the Golgi of many cell types (19) . Within the Golgi, complex caveolins form high molecular weight oligomers (Ͼ400 kDa) that are necessary for incorporation into lipid rafts and exit to the plasma membrane (18) . The association with cholesterol regulates the kinetics of caveolin transport from the Golgi complex (19) . Caveolin protein continues through the secretory pathway and is incorporated into the plasma membrane where other proteins, in particular cavins, stabilize the formation of caveolae (20 -22) .
Caveolae can be organizing centers for cellular signal transduction. The caveolin signaling hypothesis proposes that caveolae bring downstream effectors in proximity to receptors through the binding of signaling molecules to a scaffolding domain of caveolin (CSD), which is comprised of ϳ20 amino acids (23, 24) . This hypothesis also suggests that caveolin maintains signaling proteins in an inactive form until a release cue is received. Caveolin proteins interact with a variety of signaling molecules, which include G-protein coupled receptors (GPCRs), Src family kinases, ion channels, endothelial nitric oxide synthase (eNOS), adenylyl cyclases, protein kinase A (PKA), and mitogen-activated kinases (MAPs) (5) . A well-studied example of caveolin-mediated signaling is the inhibition of eNOS through its interaction with caveolin (25) (26) (27) . Binding of eNOS to caveolin-1 inhibits its enzyme activity in vitro; infusion of a membrane-permeable caveolin-1 CSD peptide has a similar action in vivo (28, 29) . Enhanced activation of eNOS in caveolin-1 knockout (KO) mice results in increased nitric oxide production, which contributes to cardiovascular defects in these mice (30) . Additionally, caveolin enhances protective signaling in cardiac myocytes by organizing and regulating signaling molecules within caveolae (31) . Caveolin interacts with components of the reperfusion injury salvage kinase (RISK) pathway, which provides cardiac protection through preconditioning and post-conditioning stimuli that include ischemia, opioids, and volatile anesthetics (32) (33) (34) . For example, rapid activation of Src and phosphorylation of caveolin-1 is required for isofluorane-mediated cardioprotection (35) . Caveolin thus has an important role in regulating signaling events that influence homeostasis and are essential to cell health. 
Endocytosis, exocytosis, and transcytosis
Caveolae also have been implicated in cellular transport events that include endocytosis, exocytosis, and transcytosis but until recently there was little evidence that caveolin had a direct role in these processes. The activity of several signaling proteins can be altered by changing their expression on the cell surface and this expression can be regulated by caveolin-induced changes in membrane trafficking through endocytosis and exocytosis. For example, caveolin-1 negatively regulates transforming growth factor-␤ (TGF-␤) signaling (36) . In addition to a direct physical inhibition of TGF-␤-induced Smad2 phosphorylation and signaling by caveolin, TGF-␤ can be endocytosed in a caveolae-dependent manner (37) . TGF-␤ receptors are targeted to caveolae by interaction with Smad7 and Smad ubiquitin regulatory factor (Smurf) proteins, which mediate caveolin-dependent internalization of the receptor and attenuation of signaling (37) . Caveolin-dependent endocytosis also regulates cell attachment through internalization of integrins and components of tight and adherens junctions (38 -40) . Caveolin-1 can also regulate the surface expression of the transient receptor potential cation channel, subfamily C, member 1 (TRPC1) through exocytic membrane trafficking (41) . Caveolin-mediated transcytosis is an important mechanism for the transport of albumin and delivery of albumin-conjugated nutrients, fatty acids, and hormones across the endothelium (42, 43) . Inflammationevoked pulmonary vascular hyperpermeability and protein-rich edema formation require caveolin-mediated transcytosis of macromolecules (44) . This increase in transcellular permeability is triggered by the binding of neutrophils to endothelial cell surface intercellular adhesion molecule (ICAM)-1, which leads to Src activation and phosphorylation of caveolin-1 (44) . Phosphorylation of caveolin-1 stimulates caveolae formation and trafficking, resulting in increased permeability (43, 45) . Phosphorylation of caveolin-1 is also required for H 2 O 2 -induced stimulation of transcytosis and destabilization of cell-cell junctions and thus has an important role in the pathogenesis of oxidant-induced pulmonary vascular hyperpermeability (46) .
Cholesterol and lipids in intracellular trafficking of caveolin
Cholesterol is a key component of caveolae and is required for the proper trafficking of caveolin to the plasma membrane. Caveolin binds cholesterol (47) and the role of caveolin in cholesterol trafficking and homeostasis has been studied by numerous investigators. For example, a dominant-negative truncation mutant of caveolin induces a cholesterol trafficking defect that results in depletion of cholesterol from the plasma membrane (48) . The expression of caveolin-1 in cells that normally do not express caveolin (HEK 293) facilitates the uptake of fatty acids and increases the cellular levels of free cholesterol and cholesterol export (49, 50) . Caveolin and the endocytosis of caveolae are required to maintain normal free cholesterol levels in lipid droplets of adipocytes (51) . In support of this idea, caveolin-1 KO mice show decreased free cholesterol levels in adipocytes, decreased adiposity, and are resistant to diet-induced obesity (51). Caveolin not only regulates the import and export of cholesterol at the plasma membrane, but also controls cholesterol trafficking from the plasma membrane to other cellular sites. Whether caveolin's regulation of cholesterol trafficking is a critical element in creating lipid rafts or the caveolar structure is unknown; it is likely one component of a more complex mechanism that creates and maintains lipid raft and caveolae structure. It has been suggested that a soluble cytoplasmic form of caveolin may contribute to the intracellular transport of cholesterol. Soluble caveolin is embedded in a lipid particle and associates with cholesterol (19, 52) . Caveolin can move from the plasma membrane to associate with lipid particles in response to the addition of lipid to cells and can return to the plasma membrane when the lipid source is removed (19) . Thus, caveolin can act as a sensor of cellular lipid levels and function to maintain cholesterol homeostasis. This feature may be important for the localization and trafficking of caveolin to intracellular organelles in response to various stimuli (10, 53) .
Endoplasmic reticulum and Golgi network in cholesterol transport: role of caveolin
The ER is the cellular site of cholesterol synthesis. Cholesterol is transported to the plasma membrane by a novel route that does not involve passing through the Golgi and reaches the cell surface within minutes of synthesis (54, 55) . Newly synthesized cholesterol is transported to caveolae and then disperses to other regions of the plasma membrane and extracellular space (56) . This rapid movement of cholesterol from the ER to the cell surface is dependent on caveolin (56) and soluble caveolin is likely responsible for the transport of plasma membrane cholesterol directly to the ER (57) . The oxidation of plasma membrane cholesterol causes the rapid movement of caveolin to the ER (7), suggesting that caveolin has a role in transporting cholesterol between these two organelles. Thus, caveolin protein is not only synthesized in the ER but it also has a role in cholesterol transport and homeostasis within this organelle.
Oxidized or otherwise damaged cholesterol stimulates the movement of caveolin from the plasma membrane to the ER but caveolin then quickly moves from the ER to the Golgi apparatus (7) . Caveolin collects in the Golgi in the presence of oxidized cholesterol but will return to the cell surface once cholesterol oxidase is removed. This is another example of the importance of cholesterol in the normal trafficking of caveolin. However, this trafficking pattern is not just a response to damaged cholesterol. Other evidence indicates that caveolin normally cycles between the plasma membrane, ER, and Golgi apparatus. Disruption of microtubules with nocodazole causes caveolin to redistribute from the plasma membrane to the ER (58). On re-moval of nocodazole, caveolin moves into the Golgi apparatus and then returns to the plasma membrane. Thus, microtubules are required for the transport of caveolin and help maintain its normal distribution and trafficking between the plasma membrane and ER/ Golgi system. Caveolin may follow this trafficking pattern to shuttle cholesterol between the cell surface and the ER/Golgi membranes or to return Golgi resident proteins that moved to the plasma membrane.
An additional function of caveolin is within the Golgi apparatus to regulate protein glycosylation. Oligosaccharides on glycoproteins are assembled by the sequential action of glycosyltransferases during glycoprotein transport through the Golgi network (59) . The sequential action of glycosyltransferases and their precise localization within the Golgi helps determine the final structure of oligosaccharides on proteins. Caveolin-1 regulates the localization of N-acetylglucosaminyltransferase III (GnT-III) in the intra-Golgi subcompartment and thereby modifies N-glycan biosynthesis (60) . The expression of caveolin-1 decreases the extent of N-glycan branching because of the addition of GlcNAc, a product of GnT-III. Caveolin-1 therefore modifies the biosynthetic pathway of sugar chains by regulation of the subcompartment localization of this key glycosyltransferase in the Golgi.
Mitochondria
Caveolin-deficient or mutant mice display a myriad of disorders, including lipodystrophy, cancer, diabetes, muscular dystrophy, cardiovascular disease, and pulmonary fibrosis (61) . Mitochondrial and metabolic dysfunction is postulated to be a primary cause of these disorders. Recent data regarding the effects of caveolin on mitochondria support the hypothesis that disruption of mitochondrial function and metabolism may be responsible for at least some of the abnormalities observed in caveolin-deficient mice. Some studies suggest that the role of caveolin in cholesterol transport and homeostasis affects mitochondrial function. The mitochondrion is a cholesterol-poor organelle; little is known regarding the regulation of cholesterol flux in mitochondria. One mechanism that has been proposed is that cholesterol enters mitochondria through specialized extensions of the ER, which contain caveolin and have been termed mitochondrial-associated membranes (MAM) (62, 63) . Caveolin may indirectly regulate levels of mitochondrial cholesterol by promoting cholesterol efflux from the ER, which would reduce the availability of cholesterol in MAM and thus limit its entry into mitochondria (53) . In the absence of caveolin-1, cholesterol accumulates in mitochondria and this causes dysfunction by reducing membrane fluidity, reducing efficiency of energy production by the respiratory chain, and increasing the production of reactive oxygen species (ROS) (53) . Together, these factors impair cellular proliferation and induce apoptosis when glucose availability is limited. An alternative possibility is that caveolin may regulate mitochondrial cholesterol by directly transporting lipid/cholesterol to mitochondria (9).
Caveolin-1 KO mice are lean and resistant to dietinduced obesity. The metabolic phenotype in those mice includes lipodystrophy, elevated levels of triglycerides and free fatty acids, lower adiponectin levels, and impaired insulin signaling in adipose tissue (64 -66) . Such dysregulation in adipose tissue of caveolin-deficient mice causes metabolic inflexibility and an increase in hepatic glucose production (67) . These metabolic alterations are likely caused by defects in mitochondrial function. Caveolin-1 deficiency is associated with an increased dependence on glucose and a higher mitochondrial membrane potential (67) . Mitochondria from caveolin-1 KO adipose tissue display increased oxidative damage, increased susceptibility to high fat diet-induced apoptosis, and altered expression of mitochondrial and redox-sensitive genes (67) . These mitochondrial defects may result from metabolic changes in caveolin-1 KO mice or loss of caveolin may directly alter mitochondrial function.
Evidence from studies of liver steatosis, which is caused by abnormal liver lipidogenesis creating an intrahepatic accumulation of triglycerides, suggests that caveolin regulates mitochondrial homeostasis and metabolism within this organelle. The accumulation of fat in the hepatocyte causes caveolin-1 to concentrate in lipid droplets and in the inner mitochondrial membrane near the site of lipid accumulation (68) . This increase in mitochondrial caveolin-1 may be a mechanism to prevent damage to mitochondria from the oxidative stress that occurs with steatosis. Water, protein, and ion transport across the inner mitochondrial membrane are altered with hepatic stress; caveolin may regulate the transport of these molecules to preserve mitochondrial structure and function. Consistent with this idea, mitochondria in adipocytes from caveolin-1 KO mice have swelling of their matrix, which likely is a result of changes in the osmotic gradient (69) .
In highly metabolic tissues such as the heart, brain, and liver, mitochondria play a key role in adaptation to cellular stress. Cardiac-specific overexpression of caveolin-3 protects the heart from ischemic injury and pressure overload-promoted failure (70, 71) . Recent studies into the mechanism of this protection by caveolin-3 have revealed the trafficking of caveolin into mitochondria and further emphasize its importance in preserving the function of mitochondria (10) . Mitochondria and plasma membrane caveolae are closely apposed in many cell types and can have a physical and functional connection that develops with cellular stress (Fig. 2) . For example, cardiac myocytes that undergo sublethal ischemia have a physical connection between the plasma membrane and mitochondria and an increased amount of mitochondrial caveolin. Caveolin-3 may translocate to mitochondria in response to stress as a means to resist damage and maintain cellular function. Support for this idea is the evidence that mitochondria with increased caveolin protein have improved calcium tolerance, improved respiration, and reduced ROS production (10) . Caveolin within the mitochondria may influence components of the electron transport chain and alter mitochondrial membranes (decreasing fluidity and ion permeability). Such effects could delay opening of the mitochondrial permeability transition pore (mPTP) and limit apoptosis.
Indeed, by increasing caveolin-3 levels in mitochondria, one can reduce the size of a myocardial infarction following an ischemic insult (10).
Nucleus
Nuclear localized caveolin is thought to function in gene regulation. In some instances this response in the nucleus may be an extension of the function of caveolin in plasma membrane caveolae. For example, membrane receptors for platelet-derived growth factor (PDGF) and epidermal growth factor (EGF) localize to caveolae, but on activation, undergo endocytosis and translocation to the nucleus (72, 73) . Vascular endothelial growth factor (VEGF) stimulates cell growth and migration by signaling through two receptor tyrosine kinases and activation of eNOS, which all colocalize with caveolin-1 in caveolae (74, 75) . Activation induces nuclear translocation of VEGF receptor, eNOS, and caveolin-1 (76). As noted above, caveolin-1 regulates eNOS and restricts nitric oxide signaling to specific cellular sites (26) . Translocation of eNOS and caveolin to the nucleus may thus be a mechanism to target nitric oxide production and control gene activation.
Alternatively, caveolin may traffic directly to the nucleus rather than from caveolae. Caveolin-2 is transported to the nucleus in response to insulin where it can alter the interaction between ERK and lamin A/C and modulate the activation of transcription factors and cell proliferation pathways (77) (78) (79) . Caveolin-2 does not contain a nuclear localization signal and a nuclear import receptor for caveolins has not been identified. However, tyrosines 19 and 27 in the N terminus of caveolin-2 are required for insulin-induced nuclear targeting (77, 79) . On insulin stimulation, caveolin-2 is transported through a retrograde pathway from the Golgi to the inner nuclear membrane (11). Rab6-GTP and microtubules mediate the movement of caveolin-2 from the Golgi to the ER. Caveolin-2 is then imported from the outer nuclear membrane, which is contiguous with the ER, to the inner nuclear membrane through interaction with gp210 in the nuclear pore. At the inner nuclear membrane, caveolin-2 can prevent heterochromatin assembly by reducing histone methylation and can promote ERK-mediated transcriptional activation of Elk-1 and STAT3, which induce a mitogenic response to insulin (11) .
Caveolin is a tumor suppressor and is thought to influence gene regulation by binding DNA. The caveolin-1 gene is deleted in several types of cancers; decreased levels of caveolin-1 are found in breast and ovarian cancers (80 -82) . Fibroblasts transformed with the v-ABL and H-ras oncogenes down-regulate expression of caveolin-1 and lack morphological caveolae (83) . Reintroduction of caveolin-1 into these transformed fibroblasts or re-expression of caveolin-1in human breast cancer cells inhibits tumor cell growth (84, 85) . Caveolin is thought to regulate the cell cycle and tumor progression through modulation of signaling by the Ras/MAPK pathway, which can be influenced by its localization in plasma membrane caveolae. Other evidence suggests that caveolin also exerts its control at the transcriptional level (82) . Endogenously or ectopically expressed caveolin-1 localizes to the nuclei of ovarian cancer cells and primarily associates with the nuclear matrix in high molecular weight complexes (86) . This could indicate that soluble caveolin is transported into the nucleus to regulate gene expression, although no import pathway has been identified. Caveolin-1 in the nucleus can bind the promoters and down-regulate expression of cyclin D1 and the folate receptor, genes involved in the control of proliferation (86) .
Endosome, lysosome, and peroxisome
The function of caveolin in the regulation of signal transduction and lipid transport extends to other organelles such as endosomes, lysosomes, and peroxisomes. In liver cells the endosome is required for down-regulation of the EGF receptor (87) and insulin binding stimulates trafficking within the endocytic compartment (88) . In hepatic cells, MAPK signal transduction pathway components (Ras, Raf-1, Mek, Mek-P, and MAPK) are localized to caveolin-enriched domains at the cell surface (12) . Early endosomes contain constitutively active Raf-1 and Mek-P; it is hypothesized that caveolin-1 is responsible for trafficking these proteins from the plasma membrane to the endosome as a means to regulate basal activity of this signal transduction pathway (12) .
Although caveolin can be targeted to lysosomes for degradation, it also functions in cholesterol trafficking from lysosomes. Lysosomes are a source of lipoproteinderived cholesterol and caveolin-1 normally moves to and from the cytoplasmic surface of lysosomes during intracellular cholesterol trafficking (13) . Caveolin-1 reversibly accumulates on lysosomal membranes when cholesterol homeostasis is perturbed (89) or when cells are serum-starved and intralysosomal pH increases (13) . At least a portion of the caveolin-1 returns to the plasma membrane on reversal of such perturbations.
Peroxisome-resident proteins, 70 kDa peroxisomal membrane protein (PMP70), and the peroxins, Pex13p and Pex14p, are associated with lipid rafts in peroxisomal membranes and depletion of cholesterol leads to defective sorting of the peroxisomal enzyme catalase (14) . Caveolin-1 colocalizes with these proteins in peroxisomal lipid rafts of hepatocytes but is not required for peroxisome biogenesis (14) . In hepatocytes peroxisomes are required for functions that include bile acid biosynthesis and ␤-oxidation of very long chain fatty acids (90, 91) . Therefore, caveolin may be involved in transporting lipids or other substrates required for these metabolic activities to and from peroxisomes.
Lipid droplets
Caveolin can regulate cellular lipid homeostasis through its trafficking to lipid droplets. Caveolin localizes to the surface of intracellular lipid droplets (15, 48, 92) , but how this occurs is not clear. Caveolin may enter lipid droplets through the ER, from plasma membrane caveolae, or as a soluble lipid-associated protein, depending on the cell type and stimulus (93, 94) . For example, targeting of caveolin-1 to adipocyte lipid droplets involves caveolae internalization, which can be blocked by inhibitors of the endocytic pathway (51) . The presence of caveolin in lipid droplets was initially thought to be an artifact resulting from the accumulation of high levels of caveolin in the ER, but endogenous caveolins can move in and out of lipid droplets (94) . Caveolin localizes to lipid droplets in response to the intracellular accumulation of lipids; in regenerating liver, caveolin relocates from the plasma membrane to newly formed lipid droplets, suggesting a role for caveolin in lipid transport from these organelles (94) . Additionally, a dominant-negative form of caveolin accumulates irreversibly in lipid droplets and causes an intracellular cholesterol imbalance (48, 95) . Caveolin-1 also regulates the composition of the lipid droplet surface through protein-protein interaction and phospholipid remodeling, which assists in lipid droplet size expansion (93) . Several of the proteins that require caveolin-1 expression for lipid droplet association are also found in caveolae, thus implicating a plasma membrane origin of lipid droplet caveolin (93) .
CONCLUSION
As shown above, considerable evidence supports the idea that caveolin proteins regulate signaling and function at various intracellular sites. However, many questions remain: What is the role of multiple isoforms of caveolin in single cell types? In studies of various caveolin KO mice, loss of one isoform (e.g., caveolin-3 in cardiac myocytes) completely eliminates the expression of caveolae. Other isoforms of caveolin exist in the deficient cells that do not compensate for this loss, suggesting that certain caveolins have nonredundant roles in an isoform-specific manner, at least in certain cell types. Such roles for particular caveolins may prove to be important in pathophysiology. Also, caveolins have been shown to undergo numerous post-translational modifications (e.g., phosphorylation, SUMOylation, palmitoylation, ubiquitination) (96 -100) . What is the impact of modified caveolins on intracellular localization and function and is caveolin protein structure important in the localization and function? The absence of a crystal structure of caveolin has slowed understanding of its structure-function relationships. Many studies reveal that the plasma membrane can influence intracellular organelles and change the localization of caveolin. How are such changes orchestrated among the different compartments? Is caveolin acting as a chaperone to protect cells? It is possible that caveolin interaction with the cytoskeleton (101, 102) and with proteins such as integrins (103) may be critical to trafficking and localization to various subcellular sites. What are the precise roles of caveolins in regulating intracellular function? Does this regulation derive from influences of caveolin on metabolism at various cellular sites (10, 102, 104) to ultimately impact whole cell and organ function? Are unique subcellular, organelle-specific proteomes associated with caveolins that dictate homeostatic and pathophysiologic responses? The potential impact of further understanding of the mechanisms for the function of caveolins in the ER, Golgi, mitochondria, nucleus, and other intracellular sites is high. Moreover, it is intriguing to imagine that future efforts may involve the manipulation of caveolin proteins at specific organelles within the cell as novel therapeutic approaches to alter cellular function in health and disease.
